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Introduction {#ejn13936-sec-0001}
============

The basal ganglia have two main parallel pathways, that is, direct and indirect pathway. The input structures of the basal ganglia, which include the caudate nucleus (CD) and the putamen (Put), have direct projections to the output structures, including the substantia nigra pars reticulata (SNr) and the globus pallidus internus (GPi). In addition, these input structures also have indirect projections to the output structures through the globus pallidus externus (GPe) and the subthalamic nucleus (STN).

These two pathways are likely to work as an antagonistic pair because they have different connection patterns (DeLong, [1990](#ejn13936-bib-0007){ref-type="ref"}; Hikosaka, Takikawa, & Kawagoe, [2000](#ejn13936-bib-0021){ref-type="ref"}; Mink, [1996](#ejn13936-bib-0041){ref-type="ref"}). Through the direct pathway, excitation of the input structures (CD and Put) would lead to inhibition of the output structures (SNr and GPi). Through the indirect pathway, excitation of the input structures would lead to disinhibition (i.e., excitation) of the output structures. Recent studies indicate that these two pathways have opposing and distinct roles in controlling behavior (Ferguson et al., [2011](#ejn13936-bib-0009){ref-type="ref"}; Hikida, Kimura, Wada, Funabiki, & Nakanishi, [2010](#ejn13936-bib-0019){ref-type="ref"}; Kravitz, Tye, & Kreitzer, [2012](#ejn13936-bib-0037){ref-type="ref"}; Kravitz et al., [2010](#ejn13936-bib-0036){ref-type="ref"}). Activation of direct‐pathway striatal neurons facilitates locomotion and reinforcement learning, in contrast to the activation of indirect‐pathway neurons which elicits freezing and aversive learning. On the other hand, other recent studies indicate that these two pathways coordinate together during body movements (Cui et al., [2013](#ejn13936-bib-0005){ref-type="ref"}; Isomura et al., [2013](#ejn13936-bib-0025){ref-type="ref"}; Jin, Tecuapetla, & Costa, [2014](#ejn13936-bib-0026){ref-type="ref"}).

The studies introduced above have focused on circuits and functions of the rostral parts of the basal ganglia. However, the direct and indirect pathways in "caudal basal ganglia" are still unclear. The caudal basal ganglia, which includes the caudate tail (CDt), the caudal‐dorsal‐lateral part of SNr (cdlSNr) and the caudal‐ventral part of GPe (cvGPe), are specifically involved in long‐term value coding of visual objects (i.e., stable value memory) for saccadic eye movements based on historical life experiences (Kim, Amita, & Hikosaka, [2017](#ejn13936-bib-0029){ref-type="ref"}; Yamamoto, Kim, & Hikosaka, [2013](#ejn13936-bib-0064){ref-type="ref"}; Yasuda, Yamamoto, & Hikosaka, [2012](#ejn13936-bib-0067){ref-type="ref"}). Most neurons in CDt, cdlSNr and cvGPe discriminate visual objects based on their historical value: objects previously and consistently associated with a large reward (good objects) and objects associated with a small reward (bad objects) (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}).

The next step in elucidating the mechanisms of the stable value memory is to investigate how these structures are interconnected in the caudal basal ganglia. Our previous studies suggest that good objects facilitate saccades through the direct pathway, while bad objects suppress saccades through the indirect pathway (Hikosaka, Ghazizadeh, Griggs, & Amita, [2017](#ejn13936-bib-0020){ref-type="ref"}; Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}). The functional difference between direct and indirect pathways might arise due to the anatomical segregation of these pathways. In this paper, we investigated how the caudal basal ganglia structures are organized into the direct and indirect pathways. We also tested whether the same or different neurons in the input structures project to each target through the direct and indirect pathways.

Here, we conducted two experiments to address these questions. First, we identified the efferent structures, cdlSNr and cvGPe innervated by CDt through the direct and indirect pathways by investigating anterogradely labeled axon terminals with tracer injected in CDt. Second, we identified the precise location of neurons projecting to cdlSNr and cvGPe, and potential double‐labeling of CDt neurons innervating both cdlSNr and cvGPe by investigating retrogradely labeled neurons with tracers. This study identified the neuronal connections of the direct and indirect pathways which are involved in the stable value memory.

Materials and Methods {#ejn13936-sec-0002}
=====================

Materials and subjects {#ejn13936-sec-0003}
----------------------

In experiment 1, histology sections of an adult male rhesus monkey (*Macaca mulatta*, monkey SM used in the previous studies (Kim & Hikosaka, [2013](#ejn13936-bib-0032){ref-type="ref"}; Kim, Ghazizadeh, & Hikosaka, [2014](#ejn13936-bib-0030){ref-type="ref"}; Griggs et al., [2017](#ejn13936-bib-0018){ref-type="ref"})) was used for immunohistochemistry experiment. In experiment 2, two adult male rhesus monkeys (*Macaca mulatta*, monkeys AX and CR) were used for behavioral tasks, neuronal recording, tracer injection and anatomical analysis. Monkey AX was used in previous studies for neuronal recording and anatomical analysis (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}; Yasuda & Hikosaka, [2015](#ejn13936-bib-0066){ref-type="ref"}). All animal care and experimental procedures were approved by the National Eye Institute Animal Care and Use Committee and complied with the Public Health Service Policy on the humane care and use of laboratory animals.

Surgeries for implanting a plastic head holder, plastic recording chambers and scleral search coils were performed in veterinary operating facility using aseptic procedures. Five minutes after the animal was given atropine (0.04 mg/kg, i.m.), anesthesia was induced with ketamine hydrochloride (10 mg/kg, i.m.) along with diazepam (0.2 mg/kg, i.m.) and maintained using isoflurane gas (1.5%--3% to effect). Vital signs were monitored throughout the surgeries. The animal\'s head was placed in a stereotaxic frame. The head holder and chambers were positioned with manipulators onto the skull and affixed with dental cement. The search coil was placed under the conjunctiva. To prevent post‐operative swelling after the search coil implantation, antibiotic ointment was placed on the conjunctiva. The post‐operative animals were carefully observed. The wound margin was cleaned with betadine‐saline solution (2%) and healed by application of antibiotic ointment. After 6 weeks of recovery, behavioral training began. A craniotomy inside the recording chamber was performed and the dura mater was exposed in the chamber to enable neuronal recording. The chamber was cleaned with saline solution and covered with a chamber cap. Chambers were cleaned by flushing with only saline solution at least three times a week until recovery, and then routinely cleaned by flushing with hydrogen peroxide or a mixture of betadine and saline solution at least three times a week.

Anatomical tracer injection {#ejn13936-sec-0004}
---------------------------

We injected different tracers in different parts in the CDt‐circuit (Table [1](#ejn13936-tbl-0001){ref-type="table"}) in order to achieve several goals, as described below.

###### 

Bi‐directional tracers and injection sites

  Monkey   CDt      cdlSNr   cvGPe    Hemisphere
  -------- -------- -------- -------- ------------
  SM       CTB555   (--)     (--)     Right
  AX       (--)     CTB488   (--)     Left
  AX       (--)     FB       CTB555   Right
  CR       (--)     CTB488   CTB555   Right

John Wiley & Sons, Ltd

In experiment 1, we injected a tracer in CDt in monkey SM to find brain areas that are innervated by CDt (Figure [1](#ejn13936-fig-0001){ref-type="fig"}; Table [1](#ejn13936-tbl-0001){ref-type="table"}). We used a bi‐directional tracer, cholera toxin subunit B conjugated with Alexa Fluor 555 (CTB555; C22843; Life technologies). We determined the injection site by recording single neuronal activity. We used a custom‐made injectrode consisting of an epoxy‐coated tungsten microelectrode (200 μm thick; FHC, Bowdoin, ME, USA) for neuronal recording and a silica tube (outer/inner diameter: 155/75 μm; Polymicro Technologies, Phoenix, AZ, USA) for tracer injection. The tracer injection was made after we found several neurons that responded to visual objects selectively and encoded stable values of the objects. We injected 0.3 μl CTB555 (1% in 0.01 M, pH 7.4 phosphate buffer) at a speed of 0.01 μl/min using a 10 μl Hamilton syringe attached to a 30‐gauge stainless steel needle held in a manual infusion pump (Stoelting, Wood Dale, IL, USA). The injection site was 13 and 14 mm posterior to the anterior commissure (P13‐14).

![CDt projected to the caudal parts of SNr and GPe. (a) Scheme of injection site in CDt of monkey SM. CTB555 was injected in CDt to identify its projection regions in the direct and indirect pathways. (b) CTB555 injection site in CDt. Injectrode track is indicated by yellow arrowheads. (c) Schematic injection locations at sagittal plane. CTB555 was injected in the middle region of CDt (see more details in the previous paper Kim et al., [2014](#ejn13936-bib-0030){ref-type="ref"}). (d) CDt projection site in SNr which is shown by CTB signals (red). This was, localized in the caudal‐dorsal‐lateral part of SNr (cdlSNr; white arrowhead in top panel). CTB signals in cdlSNr (red in left‐bottom panel) were co‐localized with synaptophysin (SYN), an axon terminal marker (orange in right‐bottom panel). (e) CDt projection site in cvGPe. Axon terminals from CDt were localized in the caudal‐ventral part of GPe (cvGPe; white arrowhead in top panel). CTB signals in cvGPe (red in left‐bottom panel) were also co‐localized with SYN (orange in right‐bottom panel).](EJN-49-712-g001){#ejn13936-fig-0001}

In experiment 2, we injected tracers in two brain areas (cvGPe and cdlSNr) (Table [1](#ejn13936-tbl-0001){ref-type="table"}) which were shown to receive inputs from CDt in experiment 1. The main goal was to find which brain areas (in addition to CDt) and which neurons project to cvGPe or cdlSNr. Here, we also determined the injection site by recording single neuronal activity using the injectrode. As bi‐directional tracers, we used Fast Blue (FB; 17740; Polysciences, Warrington, PA, USA), cholera toxin subunit B conjugated with Alexa Fluor 488 (CTB488; C22841; Life technologies) and 555 (CTB555; C22843; Life technologies). In monkey AX (Table [1](#ejn13936-tbl-0001){ref-type="table"}), we injected 0.4 μl FB (3% in distilled water) in the right cdlSNr (P12), 0.4 μl CTB488 (1% in 0.01 M, pH 7.4 phosphate buffer) in the left cdlSNr (P14) and 0.3 μl CTB555 (1% in 0.01 M, pH 7.4 phosphate buffer) in the right cvGPe (P8) at a speed of 0.01 μl/min using a 10 μl Hamilton syringe held in the manual infusion pump. In monkey CR (Table [1](#ejn13936-tbl-0001){ref-type="table"}), we injected 0.3 μl CTB488 (1% in 0.01 M, pH 7.4 phosphate buffer) and 0.3 μl CTB555 (1% in 0.01 M, pH 7.4 phosphate buffer) in the same manner except for using a motorized infusion pump (Harvard Apparatus, Holliston, MA, USA). Each of CTB488 and CTB555 were injected in the right cdlSNr (P13‐14) and right cvGPe (P9), respectively.

Histology {#ejn13936-sec-0005}
---------

Two weeks after the tracer injection, monkeys SM, AX and CR were deeply anesthetized with an overdose of sodium pentobarbital (390 mg/ml) and perfused transcardially with saline followed by 4% paraformaldehyde. The head was fixed to the stereotaxic frame, and the brain was cut into blocks in the coronal plane including midbrain region. The block was post‐fixed overnight at 4°C, and then cryoprotected for one week in increasing gradients of glycerol solution (5%, 10% to 20% glycerol in PBS) before being frozen. Frozen block was cut every 50 μm using a microtome. Every 250 μm interval slices were used for cell counting, and the adjacent two slices were used for Nissl staining and taking photomicrographs. The slices were reconstructed according to the locations of the tracer injection sites, the brain structures and the atlas of the rhesus monkey brain.

Immunofluorescence {#ejn13936-sec-0006}
------------------

We confirmed the axon terminals from CDt (in experiment 1) and cvGPe (in experiment 2) with immunofluorescent double‐labeling method. For primary antibodies, we used rabbit anti‐CTB (GWB‐7B96E4; GenWay Biotech., San Diego, CA, USA) and mouse anti‐synaptophysin antibodies (SAB4200544; MilliporeSigma, Burlington, MA, USA). As secondary antibodies, we used goat anti‐rabbit IgG antibody conjugated with Alexa Fluor 555 (A‐21428; ThermoFisher) and goat anti‐mouse IgG1 antibody conjugated with Alexa Fluor 488 (A‐21121; ThermoFisher).

The sections were preincubated for 30 min in 0.3% hydrogen peroxide in 0.1 M PBS (pH 7.4) to block endogenous peroxidase, followed by three rinses with 0.1 M PBS. Sections were incubated for 1 hr in blocking solution containing 5% normal goat serum in 0.1 M PBS. The sections were incubated for 18 hr at room temperature in blocking solution containing 2.5% normal goat serum and 0.1% TX‐100 with rabbit anti‐CTB (1:500) and mouse anti‐synaptophysin (1:500) antibody. After three rinses with PBS, the sections were incubated for 2 hr at room temperature with goat anti‐rabbit IgG antibody conjugated with Alexa Fluor 555 (1:200) and goat anti‐mouse IgG1 antibody conjugated with Alexa Fluor 488 (1:200).

In experiment 2, we enhanced the tracer signals with immunofluorescent double‐labeling method. For primary antibodies, we used rabbit anti‐Alexa Fluor 488 (A‐11094; ThermoFisher) and mouse anti‐CTB antibodies (ab62429; abcam, Cambridge, MA, USA). For secondary antibodies, we used goat anti‐rabbit IgG antibody conjugated with Alexa Fluor 488 (A‐11034; ThermoFisher) and goat anti‐mouse IgG1 antibody conjugated with Alexa Fluor 633 (A‐21226; ThermoFisher).

The sections were preincubated for 30 min in 0.3% hydrogen peroxide in 0.1 M PBS (pH 7.4) to block endogenous peroxidase, followed by three rinses through 0.1 M PBS, and then 1 hr in blocking solution containing 5% normal goat serum in 0.1 M PBS. The sections were incubated for 18 hr at room temperature in blocking solution containing 2.5% normal goat serum and 0.1% TX‐100 with rabbit anti‐488 (1:500) and mouse anti‐CTB (1:3000) antibody. After three rinses with PBS, the sections were incubated for 2 hr at room temperature with goat anti‐rabbit IgG antibody conjugated with Alexa Fluor 488 (1:200) and goat anti‐mouse IgG1 antibody conjugated with Alexa Fluor 633 (1:200). We identified the labeled neurons and captured the fluorescence images using a fluorescence microscope (Keyence) and a confocal laser scanning microscope (Zeiss). We adjusted the contrast and brightness of each color channel using software Zen (Zeiss) and Photoshop (Adobe) to enhance the ability to differentiate fluorescently labeled neurons.

Immunohistochemistry {#ejn13936-sec-0007}
--------------------

In experiment 2, we examined whether retrogradely labeled cells with CTB488 or CTB555 were localized in patches (striosomes) by potassium channel interacting protein 1 (KChIP1) immunostaining. The sections were preincubated for 10 min in 1% hydrogen peroxide in 0.1 M PBS (pH 7.2) to block endogenous peroxide, followed by three rinses through 0.1 M PBS, and then 1 hr in blocking solution containing 3% normal goat serum and 0.25% TX‐100 in 0.1 M PBS. The sections were incubated for 48 hr at 4°C in blocking solution with mouse monoclonal anti‐KChIP1 antibody (75‐003; NeuroMab, Davis, CA, USA) (1:400). The sections were rinsed three times with PBS, then incubated for 2 hr with biotinylated secondary antibody (PK‐6200; Vector Labs, Burlingame, CA, USA) (1:200), washed three times with PBS, and transferred to PBS with peroxidase conjugate from the Vectastain ABC kit (PK‐6200; Vector Labs) (1:100). After rinsing three times with PBS, the sections were immersed in a solution containing 0.02% 3,3′‐diaminobenzidine tetrahydrochloride hydrate (D5637; Sigma‐Aldrich) and 0.003% hydrogen peroxide. After staining, the sections were mounted on glass slides, dehydrated in ethanol, cleared in xylene and coverslipped. We compared sections stained for KChIP1 with adjacent sections labeled with CTB488 or CTB555.

Cell counting {#ejn13936-sec-0008}
-------------

Retrogradely labeled cells were counted manually using a custom software developed in MATLAB (Mathworks). The images from confocal microscope were inspected systematically, and single‐labeled (CTB555, CTB488 or FB) or double‐labeled neurons were identified. In monkey AX, seven sections (P4, P6, P8, P10, P12, P14 and P16) were analyzed in which 9197 cells (labeled with CTB555) and 4548 cells (with FB) were counted. In monkey CR, six sections (P4, P6, P8, P10, P12 and P14) were analyzed in which 825 cells (with CTB488) and 198 cells (with CTB555) were counted. The overall counts as well as the precise positions of the identified cells were stored for further analysis and reconstruction of the slices.

Results {#ejn13936-sec-0009}
=======

Caudate tail (CDt) directly projects to cdlSNr and cvGPe {#ejn13936-sec-0010}
--------------------------------------------------------

We previously reported that neurons in CDt encoded the stable value of visual objects (Kim & Hikosaka, [2013](#ejn13936-bib-0032){ref-type="ref"}; Yamamoto et al., [2013](#ejn13936-bib-0064){ref-type="ref"}). The goal of experiment 1 was to identify the structures where CDt sends the stable value information. We hence injected a fluorescent tracer CTB555 into CDt in monkey SM (Figure [1](#ejn13936-fig-0001){ref-type="fig"}a--c), because CTB is a bi‐directional tracer which can be taken up by cell bodies as well as axons and transported anterogradely to axon terminals (Chen & AstonJones, [1998](#ejn13936-bib-0004){ref-type="ref"}). CTB signals were localized as plexuses in cdlSNr and cvGPe (Figure [1](#ejn13936-fig-0001){ref-type="fig"}d and e, top) which were previously reported (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}). In addition, we double‐labeled the axon plexuses with antibodies against CTB and an axon terminal marker, synaptophysin (SYN) to identify the plexuses as axon terminals. The CTB signals were co‐localized with SYN signals (orange signals in Figure [1](#ejn13936-fig-0001){ref-type="fig"}d and e, bottom). We confirmed that these CTB‐labeled plexuses were indeed not passing fibers but axon terminals from CDt. Hence, CDt had direct projections to cdlSNr and cvGPe.

Tracer injections in cdlSNr and cvGPe {#ejn13936-sec-0011}
-------------------------------------

The results of experiment 1 suggest that CDt neurons project to cdlSNr through the direct pathway and to cvGPe through the indirect pathway. This result raised two questions. First, are the neurons in CDt projecting to cdlSNr and cvGPe spatially segregated? Second, do the same or different neurons project to cdlSNr and cvGPe?

To address these questions (experiment 2), we first injected different combination of three colored fluorescent tracers (FB, CTB488 and CTB555) in cdlSNr and cvGPe in monkeys AX and CR (Table [1](#ejn13936-tbl-0001){ref-type="table"}). These tracers are bi‐directional (Chen & AstonJones, [1998](#ejn13936-bib-0004){ref-type="ref"}), but we used them mostly for retrograde labeling in experiment 2. Figure [2](#ejn13936-fig-0002){ref-type="fig"}a and b show two injection sites in monkey AX.

![Task procedures for neuronal test and injection sites showing stable value activities in monkey AX. (a) Injection site in cdlSNr. CTB488 was injected in left cdlSNr (light green area indicated by a yellow arrowhead). (b) Injection site in cvGPe. CTB555 was injected in right GPe (injectrode track indicated by yellow arrowheads). (c) Object‐reward associative learning task. An example set of fractal objects that were associated with stable values. Monkeys learned these objects associated with large reward (good objects) or small reward (bad objects) by saccadic eye movements. (d) Passive viewing task. While the monkeys fixated at a central white dot, one to six fractal objects were sequentially presented. Neuronal activity was tested by response to the previously learned good and bad objects in this task. (e) Stable value‐coding activity in cdlSNr injection site. In cdlSNr, 37 neurons showed inhibition by good object presentation (red line) and excitation by bad object presentation (blue line). (f) In cvGPe, 22 neurons showed excitation by good objects (red line) and inhibition by bad objects (blue line). Each line indicates the average of firing rate. Each shading area indicates 95% confidence intervals of firing rate. Activities were aligned by the object presentation onset.](EJN-49-712-g002){#ejn13936-fig-0002}

Since both cdlSNr and cvGPe are small but encode the stable value memory, we identified these structures by single‐unit recording with behavioral tasks as previous studies (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}; Yasuda et al., [2012](#ejn13936-bib-0067){ref-type="ref"}). Long before the tracer injection, monkeys learned the value of many visual objects, each of which was associated with a large or small reward consistently for more than 5 days (Object‐reward associative task, Figure [2](#ejn13936-fig-0002){ref-type="fig"}c). Then, we identified cdlSNr and cvGPe by recording neuronal activity using passive viewing task (Figure [2](#ejn13936-fig-0002){ref-type="fig"}d). A majority of neurons in both cdlSNr and cvGPe encoded the stable values of learned objects (Figure [2](#ejn13936-fig-0002){ref-type="fig"}e and f). Neurons were also functionally identified prior to the tracer injection using the injectrode.

Direct pathway: CDt and cvPut project to cdlSNr {#ejn13936-sec-0012}
-----------------------------------------------

After injecting CTB488 in cdlSNr (Figure [3](#ejn13936-fig-0003){ref-type="fig"}a), retrogradely labeled cell bodies were found in CDt (Figure [3](#ejn13936-fig-0003){ref-type="fig"}b), as expected from the anterograde tracer study in experiment 1 (Figure [1](#ejn13936-fig-0001){ref-type="fig"}d‐e). In addition, we found retrogradely labeled neurons in the caudal‐ventral part of the putamen (cvPut) (Figure [3](#ejn13936-fig-0003){ref-type="fig"}b, right). Coronal brain sections in the rostral‐caudal axis were examined to identify the retrogradely labeled neurons (Figure [3](#ejn13936-fig-0003){ref-type="fig"}c‐h). We found that cdlSNr‐projecting neurons were densely localized through the whole of CDt and cvPut. We further found the labeled neurons less densely localized in the ventral part of caudate body (CDb; Figure [3](#ejn13936-fig-0003){ref-type="fig"}c‐h), the caudal‐ventral part of STN (Figure [3](#ejn13936-fig-0003){ref-type="fig"}e‐f), the caudal‐ventral part of GPe (Figure [3](#ejn13936-fig-0003){ref-type="fig"}e‐f), the central nucleus of amygdala (CeA; Figure [3](#ejn13936-fig-0003){ref-type="fig"}c‐d), the sublenticular extended amygdala (SLEA; Figure [3](#ejn13936-fig-0003){ref-type="fig"}c), the bed nucleus of the stria terminalis (BNST; Figure [3](#ejn13936-fig-0003){ref-type="fig"}c‐d) and the ventromedial nucleus of the hypothalamus (VMH; Figure [3](#ejn13936-fig-0003){ref-type="fig"}c). In the anterior and dorsal parts of CD and Put, a few retrogradely labeled neurons were found. This selective localization of cdlSNr‐projecting neurons in CDt and cvPut was reproduced in opposite hemisphere of the same monkey (monkey AX), and in another monkey (monkey CR; Figure 7). In addition, we did not find a clear difference in the distribution of retrogradely labeled neurons between two different tracers, FB and CTB488. These results indicate that the input neurons of the direct pathway in the caudal basal ganglia are fairly localized in caudal‐ventral parts of the striatum (i.e., CDt and cvPut).

![cdlSNr‐projecting neurons in CDt and cvPut. (a) Scheme of injection site in cdlSNr of monkey AX. CTB488 was injected in cdlSNr, and retrogradely labeled neurons in CDt were identified in the direct pathway. (b, left) cdlSNr‐projecting neurons in the striatum. Retrogradely labeled neurons (white dots) were densely distributed in Put and CDt. (b, right) Enlarged images of labeled cell bodies in Put and CDt. Enlarged areas where the neurons in cvPut and CDt were retrogradely labeled were CDt indicated by white arrowheads in (b), left. (c‐h) Six coronal brain slices (P4, P6, P8, P10, P12 and P14) in the rostral‐caudal axis showed neurons retrogradely labeled with CTB488 (green dots). Densely labeled neurons were found through whole parts of CDt and cvPut. Sparsely labeled neurons were found in STN,BNST,VMH,SLEA and CeA. Series of six slices from rostral to caudal at 2 mm intervals.](EJN-49-712-g003){#ejn13936-fig-0003}

Indirect pathway: CDt and cvPut project to cvGPe {#ejn13936-sec-0013}
------------------------------------------------

To identify the area projecting to cvGPe, we examined retrogradely labeled neurons after CTB555 tracer injection in cvGPe (Figure [4](#ejn13936-fig-0004){ref-type="fig"}a). We found retrogradely labeled neurons in structures of the basal ganglia (Figure [4](#ejn13936-fig-0004){ref-type="fig"}b). Like cdlSNr‐projecting neurons, neurons were densely labeled in CDt and cvPut (Figure [4](#ejn13936-fig-0004){ref-type="fig"}b, right). Coronal brain sections in the rostral‐caudal axis were examined (Figure [5](#ejn13936-fig-0005){ref-type="fig"}c‐h): We found that cvGPe‐projecting neurons were densely localized through the whole of CDt and cvPut (Figure [5](#ejn13936-fig-0005){ref-type="fig"}c‐h). In addition, we found the retrogradely labeled neurons in CeA (Figure [5](#ejn13936-fig-0005){ref-type="fig"}c‐d), SLEA (Figure [5](#ejn13936-fig-0005){ref-type="fig"}c), VMH (Figure [5](#ejn13936-fig-0005){ref-type="fig"}c) and centromedian‐parafascicular nuclei (CM/Pf) (Figure [5](#ejn13936-fig-0005){ref-type="fig"}g). The labeling in CM/Pf might be caused by the tracer spread to part of Put (Figure [2](#ejn13936-fig-0002){ref-type="fig"}b), or by the direct projection of CM/Pf to GPe (Kincaid, Penney, Young, & Newman, [1991](#ejn13936-bib-0033){ref-type="ref"}; Parent & Parent, [2005](#ejn13936-bib-0046){ref-type="ref"}; Royce & Mourey, [1985](#ejn13936-bib-0051){ref-type="ref"}; Sadikot, Parent, Smith, & Bolam, [1992](#ejn13936-bib-0052){ref-type="ref"}).

![cvGPe‐projecting neurons in CDt and cvPut. (a) Scheme of injection site in cvGPe of monkey AX. CTB555 injected in cvGPe was retrogradely transported along the axons in the indirect pathway. (b, left) cvGPe‐projecting neurons in the striatum. Retrogradely labeled neurons (white dots) were densely distributed in Put and CDt. (b, right) Enlarged images of labeled cell bodies in Put and CDt. Enlarged areas where the neurons in cvPut and CDt were retrogradely labeled were indicated by white arrowheads in (b), left. (c‐h) Six coronal brain slices (P4, P6, P8, P10, P12 and P14) in the rostral‐caudal axis showed densely labeled neurons through whole parts of CDt and cvPut. Sparsely labeled neurons were found in VMH,SLEA and CeA. Series of six sections from rostral to caudal at 2 mm intervals. Black arrowhead in (c) indicates the most rostral part of cvPut, which is also shown in (a).](EJN-49-712-g004){#ejn13936-fig-0004}

![cvGPe projected to cdlSNr. (a) Scheme of injection site in cvGPe of monkey AX. CTB555 injected in cvGPe was anterogradely transported along the axons. (b) cvGPe projection site in SNr. Anterogradely labeled plexus was localized in the caudal‐dorsal‐lateral part of SNr (cdlSNr; white arrowhead). (c) SYN‐labeled axon terminal of cvGPe in cdlSNr. The anterogradely labeled plexus in cdlSNr (red in top panel) was co‐localized with fluorescent signal of SYN (orange signals indicated by white arrowheads in bottom panel).](EJN-49-712-g005){#ejn13936-fig-0005}

To identify the area receiving inputs from cvGPe, we also examined anterogradely labeled plexuses with CTB555 (Figure [5](#ejn13936-fig-0005){ref-type="fig"}a). We found massive plexuses in cdlSNr anterogradely labeled with CTB555 (Figure [5](#ejn13936-fig-0005){ref-type="fig"}b). To confirm these plexuses were axon terminals, we double‐labeled the plexuses with antibodies against CTB and synaptophysin. These CTB signals were co‐localized with synaptophysin signals in the cdlSNr (orange signals indicated by white arrowheads in Figure [5](#ejn13936-fig-0005){ref-type="fig"}c, bottom), confirming that these CTB‐labeled plexuses were indeed axon terminals. This shows that cvGPe has direct projections to cdlSNr. These results suggested that the same output structure (i.e., cdlSNr) received inputs through the direct and indirect pathways in the caudal basal ganglia.

Inputs from striatal patches (striosomes) {#ejn13936-sec-0014}
-----------------------------------------

We so far have indicated that striatal neurons projecting to cdlSNr and cvGPe were localized in its tail part (CDt and cvPut). In detail, however, we found retrogradely labeled cells in patchy areas in the more dorsal and rostral parts of the striatum (Figures [3](#ejn13936-fig-0003){ref-type="fig"} and [4](#ejn13936-fig-0004){ref-type="fig"}). This raised the possibility that these patchy areas correspond to striatal patches (Gerfen, [1984](#ejn13936-bib-0015){ref-type="ref"}) (also known as striosomes, (Graybiel & Ragsdale, [1978](#ejn13936-bib-0017){ref-type="ref"}). To identify the patches (striosomes), we used KChIP1 as a patch (striosome) marker (Mikula, Parrish, Trimmer, & Jones, [2009](#ejn13936-bib-0040){ref-type="ref"}).

We then compared a section in CDb that included retrogradely labeled cells with CTB488 (Figure [6](#ejn13936-fig-0006){ref-type="fig"}b, left) with the adjacent section stained by KChIP1 immunostaining (Figure [6](#ejn13936-fig-0006){ref-type="fig"}b, center). Indeed, most labeled cells were localized in patches (Figure [6](#ejn13936-fig-0006){ref-type="fig"}b, right), especially those located in the ventral‐medial part of CDb. We also found that most retrogradely labeled cells from cvGPe were localized in patches (Figure [6](#ejn13936-fig-0006){ref-type="fig"}d), especially those located in the middle part of Put. These results suggest that both cdlSNr and cvGPe do receive inputs from CDb and Put, but selectively from patches. This pattern is completely different from the overall inputs from CDt/cvPut (Figures [3](#ejn13936-fig-0003){ref-type="fig"} and [4](#ejn13936-fig-0004){ref-type="fig"}), whose patches (striosomes) were much smaller and sparser than CDb and the middle part of Put (Figure [6](#ejn13936-fig-0006){ref-type="fig"}d, center).

![cdlSNr‐ and cvGPe‐projecting neurons in patches (striosomes). (a) Scheme of CTB488 injection site in cdlSNr of monkey AX. (b, left) CTB488‐labeled cells in CDb (indicated by yellow arrowheads). (b, center) Patches (striosomes) in CDb were stained by KChIP1 immunostaining. (b, right) Overlaid image of two adjacent sections showed most labeled cells were localized in the patches of CDb. (c) Scheme of CTB555 injection site in cvGPe of monkey AX. (d, left) CTB555 labeled cells in Put (indicated by yellow arrowheads). (d, center) Patches (striosomes) in Put were stained by KChIP1 immunostaining. (d, right) Overlaid image of two adjacent sections showed most labeled cells were localized in the patches of Put.](EJN-49-712-g006){#ejn13936-fig-0006}

Target‐specific injection of tracers in the second monkey {#ejn13936-sec-0015}
---------------------------------------------------------

Results from monkey AX showed that CDt and cvPut were principal structures projecting to cdlSNr and cvGPe. However, the tracer injections were not localized, and part of the tracers had spread to the adjacent areas. To reconfirm the results of monkey AX and identify more specific circuits encoding the stable value memory, we injected tiny amounts of different tracers in both cdlSNr and cvGPe in monkey CR (CTB488 for right cdlSNr and CTB555 for right cvGPe). Anatomical data showed that the injection sites were exclusively localized in cdlSNr and cvGPe (Figure [7](#ejn13936-fig-0007){ref-type="fig"}a and b). We recorded neuronal activities from these injection sites with the injectrode before each injection. Single neuronal activity at the injection site in cdlSNr was inhibited by good objects and excited by bad objects in the passive viewing task (Figure [7](#ejn13936-fig-0007){ref-type="fig"}c). In contrast, single neuronal activity at the injection site in cvGPe was inhibited by bad objects (Figure [7](#ejn13936-fig-0007){ref-type="fig"}d). These data confirmed that the different tracers were selectively injected in stable value‐coding regions, cdlSNr and cvGPe of the same monkey.

![Specific target‐localized injection sites showing stable value coding in monkey CR. (a) Localized injection site in cdlSNr. CTB488 was locally injected in right cdlSNr (injectrode track indicated by yellow arrowheads). (b) Localized injection site in cvGPe. CTB555 was locally injected in right cvGPe (injectrode track indicated by yellow arrowheads). (c) An example neuronal activity encoding stable value. A neuron at the injection site in cdlSNr showed inhibition by good object presentation (red line) and excitation by bad object presentation (blue line). (d) An example neuronal activity encoding stable value. A neuron at the injection site in cvGPe showed excitation by good object presentation (red line) and inhibition by bad object presentation (blue line). Raster plot indicates spike response in individual trial. Peristimulus time histogram (PSTH) indicates the neuronal response aligned by object presentation onset.](EJN-49-712-g007){#ejn13936-fig-0007}

CTB488 (green) and CTB555 (red) were injected in cdlSNr and cvGPe of the same hemisphere (Figure [8](#ejn13936-fig-0008){ref-type="fig"}a). Both cdlSNr‐projecting neurons (green in Figure [8](#ejn13936-fig-0008){ref-type="fig"}) and cvGPe‐projecting neurons (red in Figure [8](#ejn13936-fig-0008){ref-type="fig"}) were localized in CDt and cvPut through the coronal brain sections in the rostral‐caudal axis (Figure [8](#ejn13936-fig-0008){ref-type="fig"}b‐g), though the number of labeled neurons were much smaller than monkey AX. We further found the cdlSNr‐projecting neurons sparsely localized in the CDb (green in Figure [8](#ejn13936-fig-0008){ref-type="fig"}c‐g). These retrograde tracer results with two monkeys suggest two input structures, CDt and cvPut massively project to cdlSNr and cvGPe, which encode the stable value memory, thorough the direct and indirect pathways, and these direct‐ and indirect‐pathway neurons are spatially intermingled in CDt and cvPut.

![cdlSNr‐ and cvGPe‐projecting neurons were spatially intermingled in CDt and cvPut. (a) Scheme of injection sites in cdlSNr and cvGPe of monkey CR. CTB488 and CTB555 were injected in cdlSNr (green) and cvGPe (red), respectively. (b‐g) Spatially intermingled projection neurons. Six coronal brain slices (P4, P6, P8, P10, P12 and P14) showed CTB488‐positive (green dots) and CTB555‐positive (red dots) neurons in the rostral‐caudal axis. cdlSNr‐ and cvGPe‐projecting neurons were spatially intermingled in cvPut and CDt (e‐g). Series of six slices from rostral to caudal at 2 mm intervals.](EJN-49-712-g008){#ejn13936-fig-0008}

A small but significant number of neurons in CDt and cvPut project to both cdlSNr and cvGPe {#ejn13936-sec-0016}
-------------------------------------------------------------------------------------------

We found that neurons in the input structures in direct and indirect pathways were spatially intermingled. Then, do the same or different neurons project to cdlSNr and cvGPe? To address this question in monkey AX, we examined whether neurons in CDt and cvPut were double‐labeled with FB and CTB555 which were injected in cdlSNr and cvGPe of the same hemisphere, respectively (Figure [9](#ejn13936-fig-0009){ref-type="fig"}a), and found some double‐labeled neurons (Figure [9](#ejn13936-fig-0009){ref-type="fig"}b and c). We then examined CDt and cvPut in coronal brain slices along the rostral‐caudal axis and identified all retrogradely labeled neurons (Figure [10](#ejn13936-fig-0010){ref-type="fig"}). Double‐labeled neurons were distributed in whole regions of CDt and cvPut (Figure [10](#ejn13936-fig-0010){ref-type="fig"}a--c), though fewer in caudal regions (Figure [10](#ejn13936-fig-0010){ref-type="fig"}d--e). In the other monkey (monkey CR), double‐labeled neurons were also found in CDt and cvPut (Figure [8](#ejn13936-fig-0008){ref-type="fig"}). Among neurons retrogradely labeled from cdlSNr, some were retrogradely labeled also from cvGPe: 7.4% (*n* = 337/4548; monkey AX) and 3.3% (*n* = 27/825; monkey CR). Among neurons retrogradely labeled from cvGPe, some were retrogradely labeled also from cdlSNr: 3.7% (*n* = 337/9197; monkey AX) and 13.6% (*n* = 27/198; monkey CR). Overall, double‐labeled neurons among all retrogradely labeled neurons was 2.5% (*n* = 337/13408) in monkey AX and 2.7% (27/996) in monkey CR. These results showed that small but significant number of neurons in CDt and cvPut projected to both cdlSNr and cvGPe.

![An example section showing both cdlSNr‐ and cvGPe‐projecting neurons in CDt. (a) Scheme of injection sites in cdlSNr and cvGPe of monkey AX. CTB555 and FB were injected in cvGPe and cdlSNr, respectively. (b) Distribution of cdlSNr‐ and cvGPe‐projecting neurons in CDt. CTB555‐positive signals (red) and FB‐positive signals (cyan) were detected in the cvPut and CDt. (c) Both cdlSNr‐ and cvGPe‐projecting neurons in CDt. Enlarged area where the neurons were retrogradely labeled with FB and CTB555, indicated by white arrowhead in (b). Double‐labeled neurons are indicated by white arrowheads in the enlarged images.](EJN-49-712-g009){#ejn13936-fig-0009}

![Both cdlSNr‐ and cvGPe‐projecting neurons in coronal slices. (a‐e) Five coronal slices (P4, P6, P8, P10 and P12) in the rostral‐caudal axis showed distribution of retrogradely labeled neurons with CTB555 (red), FB (cyan) and both (black). Numbers below the figures indicate the numbers of retrogradely labeled neurons in each slice. Note that the structure in (a) is the anterior part of cvPut (indicated by black arrowhead in Figure [4](#ejn13936-fig-0004){ref-type="fig"}c). R: rostral, C: caudal.](EJN-49-712-g010){#ejn13936-fig-0010}

Discussion {#ejn13936-sec-0017}
==========

Striatum tail: Common features between CDt and cvPut {#ejn13936-sec-0018}
----------------------------------------------------

Our data showed that CDt and cvPut share the same downstream circuits (Figure [11](#ejn13936-fig-0011){ref-type="fig"}). Their targets are highly localized in two areas: cdlSNr and cvGPe. All of them are located in the caudal part of basal ganglia. The connections of the caudal basal ganglia are different from the rostral basal ganglia (Smith & Parent, [1986](#ejn13936-bib-0060){ref-type="ref"}). Our current and previous data (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}), including electrophysiological data, suggested that cvGPe also has very localized target---cdlSNr (Figure [5](#ejn13936-fig-0005){ref-type="fig"}b). These data are consistent with previous anatomical studies showing that GPe has direct projections to SNr in both rodents and primates (Kita, [2007](#ejn13936-bib-0034){ref-type="ref"}; Kita & Kitai, [1994](#ejn13936-bib-0035){ref-type="ref"}; Parent & Hazrati, [1995](#ejn13936-bib-0045){ref-type="ref"}; Sato, Lavallee, Levesque, & Parent, [2000](#ejn13936-bib-0054){ref-type="ref"}; ShammahLagnado, Alheid, & Heimer, [1996](#ejn13936-bib-0055){ref-type="ref"}; Smith & Bolam, [1989](#ejn13936-bib-0058){ref-type="ref"}, [1991](#ejn13936-bib-0059){ref-type="ref"}). Furthermore, most neurons in cdlSNr project to SC which controls saccadic eye movements (Beckstead & Frankfurter, [1982](#ejn13936-bib-0001){ref-type="ref"}; Francois, Percheron, Yelnik, & Heyner, [1985](#ejn13936-bib-0011){ref-type="ref"}; Hikosaka & Wurtz, [1983](#ejn13936-bib-0022){ref-type="ref"}; Yasuda & Hikosaka, [2015](#ejn13936-bib-0066){ref-type="ref"}; Yasuda et al., [2012](#ejn13936-bib-0067){ref-type="ref"}). Thus, these circuits, which are specialized for visuo‐oculomotor behavior, are finally converged in cdlSNr--SC pathway. These data suggest that the combination of CDt and cvPut is a single functional area in the striatum, which may be called "striatum tail" (Figure [11](#ejn13936-fig-0011){ref-type="fig"}). CDt and cvPut are regarded as different structures because they are separated by axonal tracts. The rostral parts of CD and Put are also separated by internal capsule. If axonal tracts are less distinct, CD and Put may not be distinctly separated, which is true in many animals other than primates (Marin, Smeets, & Gonzalez, [1998](#ejn13936-bib-0039){ref-type="ref"}; Swanson, [2000](#ejn13936-bib-0061){ref-type="ref"}).

![Schematic circuits of the caudal basal ganglia. "Striatum tail" (CDt and cvPut) receives inputs from visual cortex including the inferior temporal cortex. Neurons in the striatum tail project to cdlSNr and cvGPe in the direct and indirect pathways, respectively. Small but significant number of neurons in the striatum tail innervate both cdlSNr and cvGPe. These neurons may be direct or indirect pathway neurons with axon collaterals to cvGPe or cdlSNr, respectively. cvGPe projects to cdlSNr in two ways: directly or indirectly through cvSTN. cvSTN possibly receives inputs from pre‐SMA. Amygdala areas and hypothalamus (VMH) may also be involved in these direct and indirect pathways. cdlSNr receives inputs through these direct and indirect pathways and send the information to SC for controlling saccadic eye movements.](EJN-49-712-g011){#ejn13936-fig-0011}

The downstream circuits of the striatum tail process a very selective type of sensory information---visual objects. Medium spiny neurons in CDt respond to visual objects very selectively (Caan, Perrett, & Rolls, [1984](#ejn13936-bib-0003){ref-type="ref"}; Yamamoto, Monosov, Yasuda, & Hikosaka, [2012](#ejn13936-bib-0065){ref-type="ref"}; Yamamoto et al., [2013](#ejn13936-bib-0064){ref-type="ref"}). Neurons in cvPut also show similar visual responses (Caan et al., [1984](#ejn13936-bib-0003){ref-type="ref"}). These visual responses may be explained by anatomical studies showing that the inferior temporal cortex projects to CDt and cvPut in primates (Griggs et al., [2017](#ejn13936-bib-0018){ref-type="ref"}; Kemp & Powell, [1970](#ejn13936-bib-0028){ref-type="ref"}; Saintcyr, Ungerleider, & Desimone, [1990](#ejn13936-bib-0053){ref-type="ref"}; Yeterian & Vanhoesen, [1978](#ejn13936-bib-0068){ref-type="ref"}). Due to the selective projections from CDt and cvPut, neurons in both cdlSNr and cvGPe respond to visual objects, but less selectively (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}; Yasuda et al., [2012](#ejn13936-bib-0067){ref-type="ref"}). This may be caused by the convergence of inputs from multiple neurons in CDt and cvPut to single neurons in cdlSNr and cvGPe. In fact, the tracers injected in localized sites in cdlSNr and cvGPe revealed retrogradely labeled neurons in an overall area CDt and cvPut, although their numbers are smaller (Figure [8](#ejn13936-fig-0008){ref-type="fig"}).

In addition, neurons in the "striatum tail" circuit share other features due to the restricted connectivity: spatial selectivity and value coding. First, virtually all neurons in CDt, cvPut, cdlSNr and cvGPe respond to visual objects located somewhere on the contralateral side (Brown, Desimone, & Mishkin, [1995](#ejn13936-bib-0002){ref-type="ref"}; Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}; Shin & Sommer, [2010](#ejn13936-bib-0056){ref-type="ref"}; Yamamoto et al., [2012](#ejn13936-bib-0065){ref-type="ref"}; Yasuda et al., [2012](#ejn13936-bib-0067){ref-type="ref"}). Second, most of these neurons respond to visual objects differently depending on how they had been associated with different reward values historically (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}; Yamamoto et al., [2013](#ejn13936-bib-0064){ref-type="ref"}; Yasuda et al., [2012](#ejn13936-bib-0067){ref-type="ref"}).

Double‐labeled neurons in the striatum tail {#ejn13936-sec-0019}
-------------------------------------------

We previously found that CDt, cdlSNr and cvGPe neurons have different patterns of value coding: cdlSNr neurons are inhibited by good objects (Yasuda et al., [2012](#ejn13936-bib-0067){ref-type="ref"}), cvGPe neurons are inhibited by bad objects (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}) and some CDt neurons are more excited by good objects, but others are more excited by bad objects (Kim & Hikosaka, [2013](#ejn13936-bib-0032){ref-type="ref"}; Yamamoto et al., [2013](#ejn13936-bib-0064){ref-type="ref"}). These results suggested that two groups of CDt neurons project selectively to cdlSNr and cvGPe: CDt neurons, which are excited by good objects, project to cdlSNr through the direct pathway; CDt neurons, which are excited by bad objects, project to cvGPe through the indirect pathway. Our current anatomical data support this hypothesis: cdlSNr‐projecting neurons and cvGPe‐projecting neurons are largely separate, although they are spatially intermingled (Figures [9](#ejn13936-fig-0009){ref-type="fig"} and [10](#ejn13936-fig-0010){ref-type="fig"}). This result is consistent with previous anatomical studies based on retrograde tracing in primates (Flaherty & Graybiel, [1993](#ejn13936-bib-0010){ref-type="ref"}).

However, we also found that a relatively small but significant proportion (\<15%) of the "striatum tail" neurons project to both cdlSNr and cvGPe. Previous studies using single‐cell labeling showed that most striatal neurons project to both GPe and SNr (Fujiyama et al., [2011](#ejn13936-bib-0014){ref-type="ref"}; Kawaguchi, Wilson, & Emson, [1990](#ejn13936-bib-0027){ref-type="ref"}; Levesque & Parent, [2005](#ejn13936-bib-0038){ref-type="ref"}; Parent, Charara, & Pinault, [1995](#ejn13936-bib-0044){ref-type="ref"}; Parent et al., [2000](#ejn13936-bib-0047){ref-type="ref"}; Wu, Richard, & Parent, [2000](#ejn13936-bib-0063){ref-type="ref"}). Thus, each CDt neuron may project to both cdlSNr and cvGPe, but with biased outputs to them (as illustrated in Figure [11](#ejn13936-fig-0011){ref-type="fig"}). If the bias is strong, the neuron\'s soma may be single‐labeled with a tracer originating from the dominant output site.

The biased (not exclusive) connections may be used for object representation based on the gradient of value. For example, CDt neurons projecting only to cdlSN may represent extremely good objects, while CDt neurons projecting to both cdlSNr and cvGPe, but more strongly to cdlSNr, may represent moderately good objects. The biased connections may be created through learning experience at the level of cdlSNr and cvGPe. Here is a hypothesis. Initially, CDt neurons project to both cdlSNr and cvGPe. One new object would activate a certain group of CDt neurons due to their object selectivity (Yamamoto et al., [2012](#ejn13936-bib-0065){ref-type="ref"}). If the object is good, these CDt neurons would weaken their connections to cvGPe, and strengthen the connections to cdlSNr. The outcome of this mechanism (i.e., gradient levels of connections to cdlSNr vs. cvGPe) may be maintained stably as long‐term memory, which is encoded by cdlSNr and cvGPe neurons (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}; Yasuda et al., [2012](#ejn13936-bib-0067){ref-type="ref"}). In fact, when there are several groups of objects with gradient values, monkeys discriminate them in a biased (not exclusive) manner: they make saccades more often to better objects and fixate gaze on them longer (Ghazizadeh, Griggs, & Hikosaka, [2016](#ejn13936-bib-0016){ref-type="ref"}). This hypothetical mechanism will be further studied in near future.

Interaction between basal ganglia circuits through patches (striosomes) {#ejn13936-sec-0020}
-----------------------------------------------------------------------

In addition to the striatum tail, some neurons in other parts of the striatum (CDb, Put) projected to cdlSNr and cvGPe. Those retrogradely labeled cells were localized in patches (striosomes) (Figure [6](#ejn13936-fig-0006){ref-type="fig"}), which is very different from the striatum tail where retrogradely labeled cells were mostly uniformly distributed. It has been shown that patches (striosomes) receive inputs mainly from the limbic cortex (Eblen & Graybiel, [1995](#ejn13936-bib-0008){ref-type="ref"}) and the basal nucleus of the amygdala (Ragsdale & Graybiel, [1988](#ejn13936-bib-0050){ref-type="ref"}), which suggest that emotional signals are transmitted to cdlSNr and cvGPe. This might be related to the data that most neurons in cdlSNr and cvGPe discriminate visual objects by their values stably and automatically and control saccadic eye movement (Kim et al., [2017](#ejn13936-bib-0029){ref-type="ref"}; Yasuda et al., [2012](#ejn13936-bib-0067){ref-type="ref"}). In this sense, the connection from patches (striosomes) may be involved in subconscious emotional behaviors (Tamietto & de Gelder, [2010](#ejn13936-bib-0062){ref-type="ref"}).

This connection might also involve dopamine neurons. Since patches (striosomes) are known to project to dopamine neurons (Gerfen, [1984](#ejn13936-bib-0015){ref-type="ref"}), the retrogradely labeled cells in the patches (striosomes) from cdlSNr might also reflect the connection to dopamine neurons. Notably, dopamine neurons close to cdlSNr encode reward values stably (not reward prediction error) and project to CDt (Kim, Ghazizadeh, & Hikosaka, [2015](#ejn13936-bib-0031){ref-type="ref"}), where neurons encode object values stably and automatically (Kim & Hikosaka, [2013](#ejn13936-bib-0032){ref-type="ref"}; Yamamoto et al., [2013](#ejn13936-bib-0064){ref-type="ref"}). Overall, the circuit originating from the striatum tail may be modulated by the inputs from other parts of the striatum through patches (striosomes).

Interaction of basal ganglia circuit with areas outside of the basal ganglia {#ejn13936-sec-0021}
----------------------------------------------------------------------------

So far, we have emphasized that the striatum tail circuit is a closed circuit anatomically and functionally. On the other hand, retrogradely labeled neurons were found in several brain areas, including STN, CeA, SLEA, BNST and VMH (Figures [3](#ejn13936-fig-0003){ref-type="fig"} and [4](#ejn13936-fig-0004){ref-type="fig"}). These structures are outside the basal ganglia, except for STN. This might be caused by spreading of the injected tracer, especially into the putamen in case of cvGPe injection (Figure [2](#ejn13936-fig-0002){ref-type="fig"}b). However, these structures were labeled more clearly after the restricted injection to cdlSNr (Figures [2](#ejn13936-fig-0002){ref-type="fig"}a and [3](#ejn13936-fig-0003){ref-type="fig"}c‐h). Therefore, these areas are likely to project to cdlSNr and possibly to cvGPe.

These data suggest that a closed circuit in the basal ganglia controlling a specific behavior is open for brain areas outside of the basal ganglia (Figure [11](#ejn13936-fig-0011){ref-type="fig"}). The striatum tail circuit chooses objects based on their values. However, such a decision needs to be modulated by internal body conditions and external environmental conditions. Then, the inputs from outside of the basal ganglia would be useful, such as the hypothalamus (VMH). The inputs from the amygdala areas (CeA, SLEA and BNST) may be useful to control the behavior based on motivation or stress (Davis, [1992](#ejn13936-bib-0006){ref-type="ref"}; Murray, [2007](#ejn13936-bib-0043){ref-type="ref"}; Paton, Belova, Morrison, & Salzman, [2006](#ejn13936-bib-0048){ref-type="ref"}). Previous anatomical studies reported that the CeA neurons had axon collaterals to both the GPe and cdlSNr in cats (Shinonaga, Takada, & Mizuno, [1992](#ejn13936-bib-0057){ref-type="ref"}), and these amygdala areas project to both cdlSNr and SNc in primates (Fudge & Haber, [2000](#ejn13936-bib-0012){ref-type="ref"}, [2001](#ejn13936-bib-0013){ref-type="ref"}; Price & Amaral, [1981](#ejn13936-bib-0049){ref-type="ref"}). STN may modulate or switch behavior in uncertain conditions or in response to unexpected events (Isoda & Hikosaka, [2007](#ejn13936-bib-0023){ref-type="ref"}, [2008](#ejn13936-bib-0024){ref-type="ref"}; Monchi, Petrides, Strafella, Worsley, & Doyon, [2006](#ejn13936-bib-0042){ref-type="ref"}). Indeed, the caudal‐ventral part of STN (cvSTN), which included retrogradely labeled cells from cdlSNr (Figure [4](#ejn13936-fig-0004){ref-type="fig"}c and d), plays a role in the switching functions (Isoda & Hikosaka, [2008](#ejn13936-bib-0024){ref-type="ref"}). These results suggest that multiple circuits in the basal ganglia, each of which is involved in a specific behavior, interact with areas outside of the basal ganglia. Further studies are necessary to elucidate the involvements of these areas in the basal ganglia circuit.
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